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Abstract 
The objective of this work was to investigate the 
dynamics of embolism formation within a Douglas-
fir tree-ring. Four resistant and four vulnerable 10-
year-old trees were selected among 50 trees, based 
on their P50. Stem samples, taken next to those used 
to obtain the vulnerability to cavitation curves, 
were collected and submitted to increasing positive 
pressures, in order to simulate increasing tension 
caused by water stress in the xylem. Then the 
conductive surface of the samples was stained and 
scanned and the images were analyzed. X-ray 
microdensity profiles were obtained on the same 
samples. The microdensity profiles of the 2011 ring 
were analyzed in three parts, earlywood, transition-
wood and latewood. The dynamics of embolism 
propagation was observed separately in these three 
parts. Our results showed that the initiation and the 
propagation of the cavitation follow a discrete 
trend, with at least two successive initiation events: 
first cavitation initiates and propagates rapidly in 
the latewood. Then, a second cavitation event 
begins and spreads in the earlywood and eventually 
propagates to the transition-wood, which remains 
the last conductive part in the ring before full 
embolism. We observed that resistant to cavitation 
trees showed lower transition-wood density than 
vulnerable to cavitation trees.  
 
 
Keywords: conductivity loss, embolism, annual ring, 
wood density, earlywood, latewood. 
 
 
Introduction  
Water transport in trees can be limited by cavitation. 
Cavitation is the breaking of the water column that 
follows atmospheric demand and transpiration increase 
and/or soil water content decrease, particularly in 
drought conditions. Cavitation initiates in the cells of 
the conductive xylem (tracheids in conifers) when the 
cell water copes with increasing tensions (Hacke and 
Sperry 2001) and turns from a liquid metastable state 
to a more stable gaseous state (Cruiziat et al. 2002, 
Tyree and Zimmerman 2002, Mayr et al. 2014). 
According to the air-seeding hypothesis, cavitation 
propagates from cell to cell as air is aspirated from a 
non-functional air-filled tracheid into a conductive one 
through the inter-tracheid pits (Delzon et al. 2010). 
Little information is available about where exactly 
cavitation springs up in a tree-ring and how it 
propagates inside it. Domec and Gartner (2002) have 
studied vulnerability to cavitation of earlywood and 
latewood in Douglas-fir (Pseudotsuga menziesii (Mirb) 
Franco) finding that latewood was more vulnerable to 
cavitation at high trunk water potentials than 
earlywood. This suggests that cavitation could start in 
latewood, and then spreads to earlywood. The 
dynamics of cavitation initiation and propagation 
within the growth ring may have important functional 
implications since if water is released from cavitated 
latewood this could decrease earlywood tension 
(capacitance function, Meinzer et al. 2009) leading to 
ks maintenance during drought. However, if cavitation 
initiates on the largest tracheids of earlywood, this may 
result in a strong and early decrease in ks.   
Earlywood is produced in temperate climate during the 
first part of the growing season. In conifers, earlywood 
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is formed of large-lumen, narrow-wall low-density 
tracheids. Latewood is produced later during the 
growing season, generally when atmospheric demand 
increases, soil water content depletes and photoperiod 
decreases. Latewood is formed of narrower-lumen, 
thicker-wall denser tracheids. The transition from 
earlywood to latewood is more or less gradual 
according to the species (Ivkovich and Rozenberg 
2004) and the cambial age (Zobel and Sprague 1998). 
Conventionally, tree-rings are cut into earlywood and 
latewood. This action arbitrarily splits the transition 
zone and mixes it with earlywood and latewood. Some 
authors have suggested that it may be useful to 
separate the transition zone from earlywood and 
latewood, cutting the ring into three parts (Rozenberg 
et al. 2004, Franceschini et al. 2013), thus defining 
more homogeneous earlywood and latewood. As a 
matter of fact, Dalla-Salda et al. (2011) found a 
stronger relationship between wood density and 
resistance to cavitation when they used the 
homogeneous first part of the earlywood rather than 
the conventionally-defined heterogeneous earlywood. 
Changes in ring structure may result in changes in the 
hydraulic architecture of plants with direct 
consequences on water supply to the leaves and tree 
growth and/or survival (Froux et al. 2002, De Micco et 
al. 2008, Martinez-Meier et al. 2008, Hoffmann et al. 
2011). Tree-ring structure can be thoroughly described 
using X-ray microdensity profiles (Polge 1966). Wood 
microdensity is determined by cell dimension: it 
describes the proportion of cell wall in a given woody 
tissue. This proportion reflects wood mechanical and 
functional properties (Zobel and van Buijtenen 1989, 
Hacke and Sperry 2001, Hacke et al. 2001) that are 
related with the three wood functions: the mechanical 
support of the body of the plant (Zobel and Sprague 
1998), the storage of water and biological chemicals 
(Stratton et al. 2000) and the safe and efficient 
transport of water from the roots to the leaves 
(Maherali et al. 2004, Pitterman et al. 2006,). 
Deterministic relationship between wood density and 
vulnerability to cavitation is unclear. Several studies 
found positive correlations (Hacke and Sperry 2001, 
Rosner et al. 2007, Dalla-Salda et al. 2009, 2011), 
while others  reported a lack of relationship (Lamy et 
al. 2012). 
The present study had three objectives: 1) to 
investigate the dynamics of embolism formation within 
the tree-ring of Douglas-Fir; 2) to compare the 
dynamics of tracheids embolism within the tree-ring 
between resistant and vulnerable trees; and 3) to 
determine whether the variation found between 
resistant and vulnerable trees (if any) in terms of 
dynamic of embolism formation could be related with 
the microdensity structure of the ring. Initiation and 
propagation of embolism in the ring were studied for 
homogeneously-defined earlywood, latewood and a 
separate transitional zone by means of analyses of 
images of stained wood surface and X-ray 
microtomography of wood samples taken at variable 
embolism levels from exposure to different pressure 
intensities. X-ray microtomography appears now as a 
reference technique for embolism visualization in 
xylem (Cochard et al. 2014). We applied the staining 
method analysis to eight Douglas-fir trees selected for 
their differential resistance to cavitation: the four more 
resistant and the four more vulnerable among a set of 
fifty trees. Microdensity profiles of wood samples of 
the same 8 trees were studied with x-ray methodology 
(Polge 1966). To our knowledge, there is no study 
documenting the intra-ring dynamic of embolism 
formation in relation with microdensity. 
 
 
Materials and Methods 
Plant Material 
The studied plants were 11 years old Douglas-firs from 
a genetic trial belonging to INTA (Instituto Nacional 
de Tecnología Agropecuaria, Argentina) near Trevelin, 
Patagonia - Argentina (43° 06' S - 71° 32' W)  
Firstly, stem vulnerability to cavitation (VC) curves 
were obtained with the air injection method (Cochard 
et al. 1992) on 50 trees from 10 different genetic 
entities. In order to characterize the trees for their 
resistance to cavitation, the wood samples were taken 
from the stem portion corresponding to the last ring 
(year 2011), following the methodology described in 
Dalla-Salda et al. (2009, 2011).  
Based on the P50 (50% percent of conductivity loss) 
calculated on their VC curves (see Table 1 in Results 
section), eight trees were selected for a detailed study 
of embolism propagation within the growth-ring: the 
four most resistant and the four most vulnerable to 
cavitation. 
 
Dynamics of embolism propagation studied 
through staining method: 
From the eight selected trees, 30 cm long longitudinal 
samples from the 2011 ring were taken, next to the 
samples used to obtain the vulnerability curves. Each 
of these longitudinal samples was cut under water into 
six 5-cm-long segments. Each portion was 
subsequently subjected to a different pressure level (0, 
1, 2, 2.5, 3 and 3.5 MPa) by means of a pressure 
chamber (Model 1000 Pressure Chamber Instrument, 
pms instruments, Co. USA) with its distal end 
protruding from the chamber. After being submitted to 
a given pressure level the sample was connected to a 
water column with deionized and distilled water 
colored with Phloxine 1% in order to stain the 
conductive area. The samples were then oven dried 
and cut in half.  One of the middle surfaces was 
polished and digitalized. The obtained images were 
divided in earlywood (EW), transition-wood (TW) and 
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latewood (LW) zones as described in the next section, 
and then the percentage of the stained (i.e. conductive) 
area was measured in each type of wood with ImageJ 
image analysis software (Rasband 2009) (Fig. 1). 
Subtracting this area to the total conductive area, the 
variable named “% of non-conductive area” was 
estimated assuming that it represents a measure of the 
proportion of cavitated (embolized) cells in the sample. 
 
Figure 1: Example of wood samples (photographs taken in a 
binocular loupe and corresponding scanned images) 
subjected previously to different pressure levels (MPa) 
showing conductive (red-stained) and non-conductive areas. 
Pressures were exerted using a Scholander bomb (PMS, 
instruments).  
 
Wood microdensity: 
Microdensity profiles were obtained from wood 
samples of the 8 selected trees using indirect x-ray 
microdensitometry (Polge 1960). The resulting films 
were scanned and processed with WinDENDRO 
software (Guay et al. 1992). A function written in R-
language (R Core Team 2014) allowed dividing each 
2011 ring into three parts: earlywood, transition-wood 
and latewood (hereafter EW, TW and LW, 
respectively). The function firstly identifies the 
minimum (MID) and maximum ring density (MAD), 
calculates the average density of these two extreme 
values and locates it along the x axis (Mdp: red vertical 
line in Fig. 2) as in Mothe et al. (1998). At this point 
the ring is divided in two parts, corresponding to the 
conventional EW and LW portions. Subsequently the 
R function repeats the extreme average procedure 
described above in each part of the ring, defining 
Mdp1 (Mdp1: blue vertical line in Fig. 2) and Mdp2 
(Mdp2: green vertical line in Fig. 2). The TW is finally 
defined as the portion of the ring located between 
Mdp1 and Mdp2. For each ring the following 
microdensity variables were calculated: ring width, 
ring density, EW width, EW density, TW width, TW 
density, the slope describing the increment of wood 
density within the transition-wood portion (slope), LW 
width and LW density. 
Figure 2: Ring microdensity vs. radial distance in the stem 
(one ring was analyzed). The following variables are shown 
on the graph: the minimum and maximum wood density 
(MID and MAD, respectively), the mean density point of the 
ring (Mdp), the mean density point for the intial and final 
part of the ring (Mdp1 and Mdp 2, respectively). 
 
We obtained the length of each portion by multiplying 
the number of density points in each part of the ring 
per 24 µm (distance between each point of 
microdensity measurement). These measures were 
plotted on the stained wood surface images and were 
used to divide them into three parts matching the EW-
TW-LW division in the corresponding ring 
microdensity profile (Fig. 1).  
A t-test (p<0.05) was assessed to compare percentage 
of non-conductive area at the different pressures 
between the parts of the ring and between the resistant 
and vulnerable trees. The same procedure was used to 
compare the differences between the resistant and 
vulnerable trees for the microdensity variables.  
A standardized tree-ring microdensity profile was 
computed to describe the intra-annual density variation 
along a common scale for both groups of trees. Each of 
the 2011 tree-rings was described by 33 density points 
by gathering and averaging microdensity values. For 
this purpose, significant difference between resistant 
and vulnerable trees was assessed by a t-test at the 
level of each density point (p< 0.05). 
 
Embolism visualization by microtomography: 
Xylem embolism was visualized by using x-ray 
microtomographic scans recorded in the PIAF 
laboratory (INRA, Clermont-Ferrand, France), under 
the same conditions as in Cochard et al. (2014). 
Brodersen (2013) and Torres-Ruiz et al. (2014) were 
the first to show xylem vulnerability to embolism 
using x-ray microtomographic scans. The great 
advantage of x-ray microtomography is the three-
dimensional observation of internal structure of 
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samples without cutting and surface preparation. One 
longitudinal sample was taken as described above from 
a single tree selected in a resistant to cavitation family 
of a Douglas-fir progeny trial located at Ecouves, 
Normandy, France (unpublished data). The sample was 
cut under water in three portions, 5 ×5 mm in the 
transversal section and about 20 mm in the 
longitudinal direction. Two of them were submitted to 
hydraulic tensions by centrifugation with the Cavitron 
technique (Cochard et al. 2005).Two centrifugation 
speeds were chosen in order to generate -2.5 and -4 
MPa that caused 50 and 88 % loss of hydraulic 
conductivity, respectively. After centrifugation, the 
samples were immediately dropped in liquid paraffin 
wax and cooled in order to prevent their drying during 
the x-ray scan. The samples were then placed in the X-
ray microtomograph (Nanotom 180 XS, GE, Wunstorf, 
Germany). X-ray source settings were 50 kV and 275 
μA. After 3D reconstruction, the field of view was a 
6.2 × 6.2 × 6.2 mm
3
 with a spatial resolution of 2.8 × 
2.8 × 2.8 μm per voxel. One radial-tangential 2D cross 
section was virtually extracted from the middle of the 
volume in order to visualize the part of the ring located 
in the middle of the sample, using VGStudioMax 
software (Volume Graphics, Heidelberg, Germany). 
Then, images were analyzed using the ImageJ software 
in order to compute the percentage of cross section 
area that was embolized. 
 
 
Results 
Vulnerability to cavitation: 
Mean and standard deviation of P12, P50, P88 and slope 
of the 50 trees for which the vulnerability to cavitation 
curves were obtained are shown in table 1. The 
resistant and vulnerable trees (n=4) were selected by 
their contrasting P50 values. Mean ± standard deviation 
of P50 of resistant and vulnerable trees were -3.32 ± 
0.18 and -2.44 ± 0.18 MPa, respectively (Fig. 3). 
 
Table 1 Mean and standard deviation of the variables 
describing the VC of the fifty evaluated trees. 
Variable Mean Standard deviation 
P12 -0.97 0.55 
P50 -2.99 0.34 
P88 -4.04 0.32 
slope 36.03 11.31 
 
Propagation of embolism within the growth 
ring: 
Considering all analyzed trees, in the EW the % of non 
conductive area is very close to 0% at atmospheric 
pressure and at -1 MPa. It increases slowly to around 
10% at -2 MPa, and then rapidly rises to more than 
80% between -2 and -3.5 MPa (see Fig. 6 in next 
section, which shows the common general pattern of 
vulnerable and resistant trees). At all pressure levels 
the % of non conductive area is significantly lower in 
the EW than in the LW, except at -3.5 MPa where 
there is no significant difference between both parts of 
the ring (Table 2). 
In the TW the % of non conductive area is 
significantly different from the one in the EW at -2 
MPa, where it is significantly higher, and at -3.5 MPa, 
where it is significantly lower (Table 2). 
Figure 3 Vulnerability to cavitation curves of 50 Douglas-
fir trees (grey lines) constructed with the air injection 
method. The four most vulnerable (red lines) and the four 
most resistant to cavitation (green lines) were selected for 
the present study. Black line with black full circles shows 
the % of non conductive area for the whole ring constructed 
by the staining method.  
 
Partly in agreement with the observations made from 
staining wood samples subjected to different pressure 
levels, the microtomography image of a sample at 
atmospheric pressure shows that all tracheids were 
water filled (are conductive) in the three parts of the 
ring (Fig. 4A). The same conclusion was obtained for 
EW and TW from the staining method, but a high 
proportion of non-conductive area was observed in 
LW even at atmospheric pressure, which could be 
interpreted as embolized tracheids if microtomography 
images were not available. This novel method 
indicates that LW tracheids had water in their lumens 
at atmospheric pressure. Therefore, they were not 
stained at the very low pressures of ks determination 
due to their high resistance to water flow and not 
because they were cavitated. 
The figure 4B shows the microtomography image of a 
sample that experienced a -2.5 MPa pressure that 
corresponds to P50 (Fig 1 and Table 1). At this 
pressure, the x-ray observation enlightens that the LW 
region was greatly embolized. The EW portion showed 
low embolism and the TW was still fully water 
saturated. 
 
-5 -4 -3 -2 -1 0
0
20
40
60
80
100
 
         
 
  
vulnerable
resistant
100
80
60
40
20
0
%
 l
o
ss
o
f 
co
n
d
u
ct
iv
it
y
-5     -4     -3     -2     -1      0
pressure (Mpa)
The Journal of Plant Hydraulics 2: e-number  
 
5 
Table 2 Probabilities associated to Student t-test for the comparison of the percentage of mean non-conductive area between the 
different parts of the ring (EW= earlywood; TW= transition-wood; LW=latewood) 
 Pressures (MPa) 
Comparisons 0 1 2 2.5 3 3.5 
EW - TW ns ns 0.0045 Ns Ns 0.0461 
EW - LW 0.0003 2.77
-7
 2.94
-12
 0.0005 0.0047 ns 
TW – LW 0.0005 4.81-8 1.61-6 0.0011 0.0009 0.0317 
 
 
 
Figure 4: X-ray microtomographic images of a cross section 
of Douglas-fir. A: image of the control sample submitted to 
atmospheric pressure. B: sample submitted to a pressure of -
2.5 MPa. C: sample submitted to a pressure of -4 MPa. The 
grey levels refer to the local x-ray absorption property. The 
black spots (1) correspond to the empty lumens of the 
embolized tracheids; the grey spots correspond to the water 
filled lumens (2) and the brighter clear segments correspond 
to the water saturated cell walls (3). The spatial resolution is 
2.8 µm and the scale bar represents 500 µm. 
 
 
Finally, the figure 4C shows a sample submitted to a -4 
MPa pressure that corresponds to P88 (Fig.1, Table 1). 
The x-ray observation indicated clearly the EW and 
LW regions were largely embolized and only the TW 
region showed water in the lumens of the tracheids. 
Similarly, observation of the  radial-longitudinal cross 
section of the sample submitted to -4 MPa allows to 
appreciate the dark grey strips corresponding to the 
empty lumens of the embolized tracheids both in the 
EW and in the LW parts of the ring (Fig. 5). Bright 
voxels (light grey strips) correspond to free water in 
the lumens, which are only located in the TW part of 
the ring (Fig. 5). 
 
 
 
Figure 5: x-ray microtomographic radial-longitudinal cross 
section of Douglas-fir. The sample was submitted to a 
pressure of -4MPa. Dark grey strips (1) correspond to the 
empty lumens of the embolized tracheids. The bright strips 
(light grey) correspond to free water columns in the 
tracheids (2). Bright vertical lines correspond to water 
saturated cell walls (3). Spatial resolution is 2.8 µm. Scale 
bar is 500 µm. 
 
 
Resistant vs vulnerable trees: 
Figure 6 shows the variation of the % area of non 
conductive tracheids as a function of the applied 
pressure in the EW, TW and LW for the resistant and 
vulnerable trees.  
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In the LW, the % area of non conductive tracheids is 
nearly 80% at atmospheric pressure and increases to 
almost 100% at -3 and -3.5 MPa. As stated before from 
microtomography images, the high % of non 
conductive area at low pressures was not actually 
reflecting embolism, but only the high resistance to 
water flow in this portion of the growth ring. There 
was no significant difference between the resistant and 
the vulnerable trees in the proportion of non 
conductive area in the LW portion of the ring. In 
addition, there were also no significant differences in 
EW patterns of non conductive area between the 
resistant and vulnerable trees (Fig. 6).  
In contrast, at -2 MPa there was a significant 
difference between the resistant and the vulnerable 
trees in the TW: the resistant trees showed a 
significantly lower % of non conductive area (Fig. 6).
Figure 6: Percentage of non-conductive area assessed by the 
staining method. Figure shows each type of wood (black, 
red and blue lines for the LW, TW and EW, respectively) in 
the resistant (diamonds with continuous lines) and 
vulnerable (squares with dotted lines) trees after being 
submitted to different pressure levels.  
 
 
Regarding microdensity parameters, significant 
differences were found between the resistant and the 
vulnerable trees for ring width, EW width, TW width, 
and the slope and mean density of the TW (Fig. 7, only 
the variables with significant differences between the 
resistant and the vulnerable trees are shown). No 
significant difference was found for EW density nor 
for LW density. The resistant trees showed a 
significantly less dense TW with a less steep slope. 
The resistant trees showed also a wider 2011 ring with 
significantly wider TW and EW (Fig. 7). 
 
 
 
 
 
Figure 7: The microdensity variables for which significant 
differences were found between the vulnerable and the 
resistant to cavitation trees. 
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The significant differences between the resistant and 
the vulnerable trees are also viewed observing the 
standardized ring microdensity profiles (Fig. 8). The 
vulnerable trees have significantly higher microdensity 
values from the points 23 to 30 that effectively 
correspond to the TW part of the ring (Fig. 8). 
Figure 8: Standardized ring profile for the vulnerable (red 
diamonds) and the resistant (green squares) trees for the 
2011 ring. Asterisks show significant differences (p<0.05) 
between of the resistant and the vulnerable trees for the 
microdensity values. 
 
 
Discussion 
Up to now, most VC curves published for woody 
plants were performed on branches, seedlings and 
roots (Cochard, 1992; Sperry and Ikeda, 1997; 
Kavanagh et al., 1999). As far as we know, little 
information is available from direct measures obtained 
on stem xylem of trees (Domec and Gartner, 2003). 
Our measurements of P50, achieved on trunk wood 
samples are consistent with those by other authors 
(Domec and Gartner, 2001) for the same species and 
are consistent with those of our previous studies 
(Dalla- Salda et al. 2009, Dalla- Salda et al. 2011). The 
VC curves of 50 Douglas-fir trees in this study were 
performed by the use of the air injection method. With 
8 trees (the 4 most vulnerable and the 4 more resistant 
to cavitation) we computed the % of non conductive 
area for the 2011 whole ring by the staining method. 
Both methods seem to show the same types of curves 
and the % of non conductive area seem to be well 
represented by the % loss of conductivity (Fig. 3). 
The dynamics of cavitation in the 2011 ring can be -in 
part- deduced from the plot in figure 6, which presents 
the curves describing the variation of the % of non 
conductive area with pressure. If we assume that the 
pressure increase along the x-axis of the plot simulates 
the condition of the start and development of a water 
deficit event, then these curves are likely to 
characterize the initiation and the propagation of 
cavitation in natural conditions. The observations of 
the stained samples images and of the 
microtomography images are generally consistent: the 
stained portions of the sample surface correspond to 
water filled lumen in the microtomography images, 
and the non-stained portions correspond mostly to 
embolized cells, with the exception of LW at 
atmospheric pressure. The results based on the stained 
samples images show that the LW is already mostly 
non-conductive at atmospheric pressure, while in the 
same conditions the EW and TW are either completely 
or nearly completely conductive. Although, the 
microtomography image (Fig. 4 A) shows that at 
atmospheric pressure the three parts of 
 the ring are full of water. This may be due to the fact 
that the microtomography is an image of the inside of a 
sealed sample, while the image of the stained surface is 
that of an open sample which has been handled and 
more exposed to air. Other hypothesis is that the 
difference found in the LW portion between the two 
methods is due to LW great resistance to water flux 
preventing stained water from arriving to that middle 
part of the sample were the images were done. 
Both methods show the same trend in the initiation and 
propagation of the cavitation in the ring: the cavitation 
starts very early into the LW reaching more than 80% 
of non conductive area at -1 MPa and 100% between -
2.5 and -3.5 MPa. This result confirms the findings by 
Domec and Gartner (2002) who state that the LW is 
more vulnerable to cavitation than the EW at high 
water potential. 
The trend is completely different in the EW and TW, 
where the cavitation appears later, then propagates 
slowly between atmospheric pressure and -2 MPa, 
except in the TW of the vulnerable trees, where it 
spreads significantly faster than in the EW between -1 
and -2 MPa. The % of non conductive area eventually 
reaches a high level in the EW (over 80%), similar (not 
significantly different) to that reached in the LW, 
while the TW remains with a significantly lower % of 
non conductive area (between 60 and 70%). This trend 
is similar in the microtomography images, except that 
the cavitation seems to start and propagate in the EW 
before propagating to the transition zone located 
between the EW and the LW, which remains mostly 
conductive at -4 MPa. 
Hence it seems that cavitation occurs first in the LW, 
then “jumps” to the EW and TW (according to the 
stained samples images) or to the EW only (according 
to the microtomography images) and eventually to the 
TW. Thus, there are at least two successive events of 
cavitation initiation, the first one in the LW, then the 
second one in the EW. Whether there is a third 
initiation event in the TW or whether cavitation 
propagates from the EW to the contiguous TW cannot 
be inferred from our results. Assuming that the 
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increase of the % of no conductive area corresponds to 
the propagation of the xylem cavitation, these results 
suggest that, in Douglas-fir, cavitation dynamic does 
not follow a trend linearly related to tracheid 
dimensions. According to Domec et al. (2006), pit 
number and dimension rapidly decrease from the EW 
to the LW. To our knowledge, no information has been 
published about the characteristics of the Douglas-fir 
TW pits. If we assume that the pits characteristics 
continuously vary from the EW to the LW, then 
cavitation propagation does not follow a trend linearly 
related to pits number and dimensions. 
Published studies about the distribution of the pits and 
of their characteristics in radial-longitudinal (RL) and 
tangential-longitudinal (TL) cell-walls, show that in 
conifer species bordered pits are mostly located in the 
RL walls (Leitch and Savidge 1995, Domec et al. 
2006, Kitin et al. 2009) rather than in the TL wall. In 
spite of we cannot extrapolate this pattern to all 
conifers, at least in Cryptomeria japonica, a temperate 
conifer, most of the EW tracheids lack of bordered pits 
in the TL walls, with the exception of the EW 
tracheids positioned next to growth-ring boundaries, 
whose tangential pits are connected with the previous 
ring’s LW tracheids (Kitin et al. 2009). In contrast to 
the EW, the LW tracheids commonly have bordered 
pits in the TL walls not only at the growth-ring 
boundary but also in the tracheid layers apart from it 
(Kitin et al. 2009). The TW tracheids also show 
bordered pits in the TL walls. The pit membranes in 
the RL walls have torus and margo with loosely 
arranged fibrils, with spaces (‘pores’) in between the 
fibrils. In contrast, no torus-margo structure and no 
pores are visible in the pit membranes of the TL walls 
of either the EW or LW tracheids. The bordered pits in 
the RL walls of the EW tracheids are much larger than 
those in the TL walls of the boundary EW tracheids. In 
the LW and TW, however, pits in the RL and TL walls 
are similar in size. In another study, Utsumi et al. 
(2003) found in three other conifers, that most of the 
bordered pits of tracheids are located in the RL wall; 
large-scale cavitation would be facilitated in the 
tangential direction when such tracheids are exposed to 
water stress. Moreover, these cells were formed at the 
same time and experienced the same growing 
conditions, thus we suggest that they developed the 
same sensitivity to cavitation. These results support 
our hypothesis of, at least two independent cavitation 
initiation events in the LW and the EW, followed by 
within EW and LW tangential spreading of cavitation 
that could be promoted by the characteristics of the 
pits in the TL tracheids walls.  
The difference between the stained samples data and 
the observations on the microtomography images for 
the cavitation propagation trend could be related to the 
fact that in the stained samples images, the definition 
of the TW is based on the ring microdensity profile. 
Figure 1 shows that this so-called TW partly overlaps 
the stained portion of the ring and the non-conductive 
portion located on the LW side of the ring. In the 
tomography images, the zone located between the EW 
and the LW (Fig. 4C) seems on average much more 
conductive than the TW delineated on figure 1. This 
explains why on the figure 1 the % of non conductive 
area of the microdensity-defined TW is around 70% at 
-3.5 MPa while on the figure 4C the major part of the 
area of the zone located between the EW and the LW 
is formed of cells with water-filled lumens at 4 MPa.  
There is no significant difference between the resistant 
and the vulnerable trees for the % of non conductive 
area in the EW and in the LW, whatever the pressure 
value. According to the tomography image, which was 
taken in a resistant tree, the TW remains the last 
conductive part during the progression of the 
cavitation in the ring. Both stained samples and 
microtomography results suggest that the TW would 
play a major role in the cavitation resistance.. 
Dalla-Salda et al. (2011) found that more resistant to 
cavitation trees had a higher mean density of an 
alternative EW density variable. In this study we also 
found significant differences between the resistant and 
the vulnerable trees for some alternative microdensity 
variables, but, these differences were found only for 
the TW portion: width, density and slope. Furthermore 
we found that the TW of the vulnerable trees is 
significantly denser than that of the resistant trees. The 
comparison of the average standardized rings of the 
resistant and vulnerable trees show the same trend 
(Fig. 8). At the level of the 50 trees among which were 
selected the four resistant and the four vulnerable trees 
of this study, there is no relationship between P50 and 
TW density (data not shown). Hence the significant 
difference observed in this study between the resistant 
and the vulnerable trees for TW density could be 
probably a selection artifact. Conversely, there is a 
significant negative relationship between P50 and TW 
width (r=-0.48 and p-value = 0.0008, data not shown) 
and there is a significant positive relationship between 
P50 and TW slope (r=0.50 and p-value = 0.0005, data 
not shown). These results are consistent with the 
significant difference found in this study between the 
resistant and the vulnerable trees for TW width and 
TW slope. 
It is well-known that not only lumen dimension, but 
also pit number, dimension and characteristics play a 
major role in resistance to cavitation (Pittermann et al. 
2010, Delzon et al. 2010, Bouche et al. 2014, Tixier et 
al. 2014). The air-seeding hypothesis predicts that 
xylem embolism resistance is linked directly to 
bordered pit functioning (Choat et al. 2008, Lens et al. 
2013, Jansen et al. 2012). In any case, cavitation 
dynamics is still a controversial issue and not fully 
elucidated (Rockwell et al. 2014). According to 
Domec et al. (2006), the cell-walls of the Douglas-fir 
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LW are punctured by a low number of small size 
bordered pits, while the EW cell-walls are punctured 
by a large number of big pits. The higher rigidity of the 
LW pits membrane would explain the LW low 
resistance to cavitation. Conversely, despite its high 
lumen-diameter and large number of big pits, the 
higher flexibility of the EW pits membranes would 
explain the EW higher resistance to cavitation. But 
what could explain the even higher resistance to 
cavitation of the TW? The TW is by definition a 
transition zone between the EW and the LW. Hence 
cell and pits characteristics could be intermediate 
between those of the EW and the LW: by its own 
nature, the TW cell-lumen diameter is intermediate 
between that of the EW and the LW. If we hypothesize 
that the TW pit dimension and pit number are also 
smaller than in the EW, but that the TW pit membrane 
is as flexible or nearly as flexible as that of the EW 
pits, then these variables would tend to confer to the 
TW a resistance to cavitation that would be higher than 
in the EW. 
In addition we found that the resistant trees have a 
significantly wider 2011 ring, with significantly wider 
EW and TW and no change in the LW width: hence 
the increased resistance to cavitation of the resistant 
trees could be explained by this larger amount of more 
resistant to cavitation EW and especially TW. They 
also have a less steep microdensity slope, i.e. a more 
gradual lumen diameter decrease, which could also 
tend to increase the TW resistance to cavitation. 
 
 
Conclusion 
According to our results, the initiation and the 
propagation of the cavitation in a Douglas-fir tree-ring 
seems to follow a discrete trend, with at least two 
successive initiation events: at the very start of a water 
deficit episode, cavitation appears to initiate and 
propagate rapidly in the LW. Later, when the water 
deficit persists and increases, a second cavitation event 
begin and spread in the EW and eventually propagate 
to the TW, which remains the last conductive part in 
the ring before full cavitation. Whether cavitation 
actually propagates from the EW to the TW or whether 
it initiates for the third time in the TW is not known. 
Our results suggest that the TW may play a leading 
role in the between-tree variation of cavitation 
resistance and thus should be carefully considered 
when studying adaptation to drought.  
The sampling procedure carried out in this research 
benefited from a “smart sampling” approach (Rosner 
et al. 2014): the samples used for measuring 
vulnerability to cavitation, conductivity and 
microdensity came all from the same annual ring (here 
the 2011 ring), increasing the probability to highlight 
significant relationships and differences. We used an 
original method to study the within-ring microdensity 
variation, defining a transition zone between the EW 
and LW, increasing the precision of the study and 
highlighting the major role of this intermediate part of 
the ring. Improving the definition method of the TW or 
dividing the ring into more than three parts will likely 
contribute to better explain the initiation and the 
propagation of the cavitation in the ring, as well as 
better explain other functional processes occurring in 
the ring. 
While little data is available, within-ring variation of 
pits characteristics seem to have a high explanatory 
potential for propagation of cavitation in the ring. The 
ratio between the pit aperture and the torus diameters 
is an important correlate with cavitation resistance in 
conifers and could perhaps help elucidating differences 
in the resistance of EW and TW tracheids. In the near 
future, studies of resistance to drought should 
concentrate efforts on large scale investigation of 
within-ring variation of pits characteristics and of the 
relationships between such pits characteristics and 
cavitation. 
 
 
Acknowledgements 
The authors would like to thank INTA-Programa 
Nacional-Forestales, PNFOR-1104073 and CONICET 
for founding part of this study. The x-ray tomography 
scans were partly founded by the PitBulles project 
(ANR no. 2010 Blanc 171001). Special thanks to Dr. 
Victor Mondino (INTA-Trevelin) who facilitated the 
access to the plant material and helped with the sample 
collection. Finally we would like to thank the two 
anonymous reviewers that contributed with their 
corrections and suggestions.  
 
 
References 
Bouche PS, Larter M, Domec JC, Burlett R, Gasson P, 
Jansen S, Delzon S. 2014. A broad survey of hydraulic 
and mechanical safety in the xylem of conifers. Journal 
of Experimental Botany, doi:10.1093/jxb/eru218.  
Brodersen C. 2013. Visualizing wood anatomy in three with 
high-resolution X-ray micro-tomography (MCT). IAWA 
Journal 34 (4): 408–424. 
Choat B, Cobb A, Jansen S. 2008. Structure and function of 
bordered pits: new discoveries and impacts on whole-
plant hydraulic function. New Phytologist 177: 608–626. 
Cochard H. 1992. Vulnerability of several conifers to air 
embolism. Tree Physiology 11: 73-83. 
Cochard H, Damour G, Bodet C, Tharwat I, Poirier M, 
Améglio T. 2005. Evaluation of a new centrifuge 
technique for rapid generation of xylem vulnerability 
curves. Physiologia Plantarum, 124 (4): 410–418. 
Cochard H, Delzon S, Badel E. 2014. X-ray 
microtomography (micro-CT): a reference technology 
for high-resolution quantification of xylem embolism in 
trees. Plant Cell and Environment, doi: 
10.1111/pce.12391 
The Journal of Plant Hydraulics 2: e-number  
 
10 
Cruiziat P, Cochard H, Améglio T, 2002. The hydraulic 
architecture of trees: an introduction. Annals of Forest 
Sciences 59: 723-752. 
Dalla-Salda G, Martinez-Meier A, Cochard H, Rozenberg P. 
2011. Genetic variation of xylem hydraulic properties 
shows that wood density is involved in adaptation to 
drought in Douglas-fir (Pseudotsuga Menziesii (Mirb.)). 
Annals of Forest Science, doi: 10.1007/s13595-011-
0091-1. 
Dalla-Salda, G, Martinez-Meier A, Cochard H, Rozenberg 
P. 2008. Variation of wood density and hydraulic 
properties of Douglas-fir (Pseudotsuga menziesii (Mirb.) 
Franco) clones related to a heat and drought wave in 
France. Forest Ecology and Management, 
doi:10.1016/j.foreco.2008.08.019. 
De Micco V, Aronne G, Baas P. 2008. Wood anatomy and 
hydraulic architecture of stems and twigs of some 
Mediterranean trees and shrubs along a mesic-xeric 
gradient. Trees-Structure and Function 22, 643–655. 
Delzon S, Douthe C, Sala A, Cochard H. 2010. Mechanism 
of water-stress induced cavitation in conifers: bordered 
pit structure and function support the hypothesis of seal 
capillary-seeding. Plant, Cell & Environment 33 (12): 
2101-2111. 
Domec JC, Gartner B. 2002. How do water storage differ in 
coniferous earlywood and latewood? Journal of 
Experimental Botany 53: 2369-2379. 
Domec JC, Gartner B. 2003. Relationship between growth 
rates and xylem hydraulic characteristics in young, 
mature and old-growth ponderosa pine trees. Plant, Cell 
and Environment 26: 471–483.  
Domec JC, Lachenbruch B, Meinzer F. 2006. Bordered pit 
structure and function determine spatial patterns of air 
seeding thresholds in xylem of Douglas-fir (Pseudotsuga 
menziesii, Pinaceae) trees. American Journal of Botany 
93 (11): 1588–1600. 
Domec JC, Warren J, Meinzer F, Lachenbruch B. 2009. 
Safety factors for xylem failure by implosion and air-
seeding within roots, trunks and branches of young and 
old conifer trees. IAWA Journal 30 (2): 100- 120 
Franceschini T, Longuetaud F, Bontemps J-D, Bouriaud O, 
Caritey B-D, Leban J-M. 2013. Effect of ring width, 
cambial age, and climatic variables on the within-ring 
wood density profile of Norway spruce Picea abies (L.) 
Karst. Trees 27 (4): 913-925. 
Froux F, Huca R, Ducreya M, Dreyer E. 2002. Xylem 
hydraulic efficiency versus vulnerability in seedlings of 
four contrasting Mediterranean tree species (Cedrus 
atlantica, Cupressus sempervirens, Pinus halepensis and 
Pinus nigra). Annals of Forest Science 59: 409–418. 
Guay R, Gagnon R, Morin H. 1992. A new automatic and 
interactive tree ring measurement system based on a line 
scan camera. Forest Chronicle 68: 138-141. 
Hacke U, Sperry J. 2001. Functional and ecological xylem 
anatomy. Perspectives in Plant Ecology, Evolution and 
Systematics 4 (2): 97-115. 
Hacke U, Sperry J, Pockman W, Davis S, McCulloh K. 
2001. Trends in wood density and structure are linked to 
prevention of xylem implosion by negative pressure. 
Oecologia 126: 457-461. 
Hoffmann W, Marchin R, Abit P, Lee Lau O. 2011. 
Hydraulic failure and tree dieback are associated with 
high wood density in a temperate forest under extreme 
drought. Global Change Biology 17: 2731–2742. 
Ivkovic M, Rozenberg P. 2004. A method for describing and 
modelling of within-ring wood density distribution in 
clones of three coniferous species. Annals of Forest 
Sciences 61: 759-769. 
Jansen, S., Lamy, J.-B., Burlett, R., Cochard, H., Gasson, P., 
& Delzon, S. 2012. Plasmodesmatal pores in the torus of 
bordered pit membranes affect cavitation resistance of 
conifer xylem. Plant, Cell & Environment, 35 (6), 1109–
20.  
Kitin P, Fujii T, Abe H, Takata K. 2009. Anatomical 
features that facilitate radial flow across growth rings 
and from xylem to cambium in Cryptomeria japonica. 
Annals of Botany 103: 1145–1157. 
 Lamy JB, Lagane F, Plomion C, Cochard 
H, Delzon S 2012. Micro-evolutionary patterns of 
juvenile wood density in a pine species. Plant 
Ecology 213:1781-1792. 
Leitch M, Savidge RA. 1995. Evidence for auxin regulation 
of bordered-pit positioning during tracheid 
differentiation in Larix Laricina. IAWA Journal 16 (3): 
289-297. 
Lens F, Tixier A, Cochard H, Sperry JS, Jansen S, Herbette 
S. 2013. Embolism resistance as a key mechanism to 
understand adaptive plant strategies. Plant Biology, 16 
(3), 287–92. 
Maherali H, Pockman WT, Jackson RB. 2004. Adaptive 
variation in the vulnerability of woody plants to xylem 
cavitation. Ecology 85, 2184–2199. 
Martinez-Meier A, Sanchez L, Pastorino M, Gallo L, 
Rozenberg P, 2008. What is hot in tree rings? The wood 
density of surviving Douglas-firs to the 2003 drought 
and heat wavel. Forest Ecology and Management, 256 
(4): 837-843. 
Mayr S, Cochard H. 2003. A new method for vulnerability 
analysis of small xylem areas reveals that compression 
wood of Norway spruce has lower hydraulic safety than 
opposite wood. Pant, Cell and Environment 26: 1365–
1371. 
Mayr S, Kartusch B, Kikuta S. 2014. Evidence for air-
seeding: watching the formation of embolism in conifer 
xylem. Journal of Plant Hydraulics 1: e-0004 
Mothe F, Duchanois G, Zannier, B, Leban, J-M. 1998. 
Analyse microdensitométrique appliquée au bois: 
méthode de traitement des données utilisée à l’Inra-
ERQB (programme Cerd). Annals of Forest Sciences 55: 
301-313. 
Pittermann J, Sperry J, Hacke U, Wheele, J, Sikkema E. 
2006. Inter-tracheid pitting and the hydraulic efficiency 
of conifer wood: the role of tracheid allometry and 
cavitation protection. American Journal of Botany 93(9): 
1265–1273. 
Pittermann J, Choat B, Jansen S, Stuart S, Lynn L, Dawson 
T. (2010). The relationships between xylem safety and 
hydraulic efficiency in the Cupressaceae: the evolution 
of pit membrane form and function. Plant Physiology, 
153(4), 1919–31. doi:10.1104/pp.110.158824. 
Polge H. 1966. Etablissement des courbes de variations de la 
densité du bois par exploration densitométrique de 
radiographies d’échantillons prélevés à la tarière sur des 
arbres vivants. Application dans les domaines 
The Journal of Plant Hydraulics 2: e-number  
 
11 
technologiques et physiologiques. PhD thesis, Université 
de Nancy, Nancy 215 pages. 
Rasband WS. 2009. ImageJ. U.S. National Institutes of 
Health, Bethesda, Maryland, USA. Available at 
http://rsb.info.nih.gov/ij/ 
Rockwell F, Wheeler J, Holbrook M. 2014. Cavitation and 
its discontents: opportunities for resolving current 
controversies. Plant Physiology 164: 1649–1660. 
Rosner S, Svĕtlík J, Andreassen K, Børja I, Dalsgaard L, 
Evans R, Karlsson B, Tollefsrud MM, Solberg S. 2014. 
Wood density as a screening trait for drought sensitivity 
in Norway spruce. Canadian Journal of Forest Research, 
44: 154–161. 
Rosner S, Klein A, Mûller U, Karlsson B, 2008. Tradeoffs 
between hydraulic and mechanical stress responses of 
mature Norway spruce trunk wood. Tree Physiology 28: 
1179–1188. 
Rosner S, Klein A, Mûller U, Karlsson B, 2007. Hydraulic 
and mechanical properties of young Norway spruce 
clones related to growth and wood structure. Tree 
Physiology 27: 1165–1178. 
Rozenberg P, Schüte G, Ivkovich M, Bastien C, Bastien J-C. 
2004. Clonal variation of indirect cambium reaction to 
within-growing season temperature changes in Douglas-
fir. Forestry 77: 257-268. 
Stratton L, Goldstein G, Meinzer FC. 2000. Stem water 
storage capacity and efficiency of water transport: their 
functional significance in a Hawaiian dry forest. Plant, 
Cell & Environment 23: 99–106. 
Tixier A, Herbette S, Jansen S, Capron M, Tordjeman P, 
Cochard H, Badel E. 2014. Modelling the mechanical 
behaviour of pit membranes in bordered pits with respect 
to cavitation resistance in angiosperms. Annals of 
Botany, doi:10.1093/aob/mcu109. 
Torres-Ruiz JM, Cochard H, Mayr S, Beikircher B, Diaz-
Espejo A, Rodriguez-Dominguez CM, Badel E, 
Fernández JE.  2014. Vulnerability to cavitation in Olea 
europaea current-year shoots: more support to the open-
vessel artefact with centrifuge and air-injection 
techniques. Physiologia Plantarum, doi: 
10.1111/ppl.12185. 
Tyree MT, Zimmerman MH. 2002. Xylem structure and the 
ascent of sap, Second edition. Springer-Verlag Berlin 
and Heidelberg GmbH & Co. K, Second edition. 
Utsumi Y, Sano Y, Funada R, Ohtani J, Fujikawa S. 2003. 
Seasonal and perennial changes in the distribution of 
water in the sapwood of conifers in a sub-frigid zone. 
Plant Physiology 131: 1826-1833. 
Wimmer R, Grabner M. 2000. A comparison of tree-ring 
features in picea abies as correlated with climate. IAWA 
Journal, 21 (4): 403–416. 
Zobel B, J Sprague. 1998. Juvenile wood in forest Trees. 
Berlin-Heidelberg, Germany. Springer-Verlag. 
Zobel B, van Buijtenen J. 1989. Wood variation its causes 
and control. Springer-Verlag. 
